Flexible Interdigital PVDF Lamb Wave Transducers for the Development of Smart Structures by Monkhouse, R. S. C. et al.
FLEXIBLE INTERDIGITAL PVDF LAMB WA VE TRANSDUCERS FOR THE 
DEVELOPMENT OF SMART STRUCTURES 
R.S.C. Monkhouse, P.D. Wilcox, and P. Cawley 
Dept of Mechanical Engineering 
Imperial College 
Exhibition Road 
London SW7 2BX 
UK 
INTRODUCTION 
Conventional ultrasonic or eddy current inspection of structures requires a probe to be 
scanned over the whole area to be tested. This is extremely time consuming, and hence 
costly, when large areas such as airc:t:aft wings or pressure vessels are to be covered. A 
further disadvantage of ultrasonic inspection is that a coupling fluid between the transducer 
and the structure is generally required. The most reliable coupling method is to use 
immersion, the testpiece being fully immersed in a water bath. However, with large 
structures this is frequently not practical and they are often tested using jetprobe assemblies, 
the ultrasound being propagated down jets of water directed at the structure. However, this 
is generally only practical at the manufacture stage and field inspection is often carried out 
manually using contact transducers, coupling being achieved by applying gel to the surface 
of the structure. Many structures also have critical areas which are difficult to inspect because 
access is impeded. For example, spars and other stiffeners in aircraft pose problems because 
once the aircraft is built they are covered by the fuselage or wing skin. 
A radical alternative to the use of transducers which are scanned over the surface of the 
structure each time an inspection is to be carried out is to incorporate the sensors into the 
structure, so forming a type of "smart structure". It is clearly not possible to place sensors 
over the whole of the structure so it is essential that each sensor can interrogate a significant 
area of structure. Conventional uhrasonie inspection uses bulk longitudinal or shear waves 
which propagate in the region of structure immediately around the transmitting transducer, 
the returning echoes being detected either by the same transducer or a receiver located 
adjacent to it. This approach is not suitable for implementation in a "smart structure" since 
the area covered by each transducer is too small. A much more attractive approach is to use 
Lamb waves. These provide a potentially very attractive means of inspecting large structures 
since they can propagate over long distances, so giving the possibility of inspecting several 
metres of structure in a single test. However, at least two Lamb modes can propagate at any 
given frequency, and they are generally dispersive which tends to make the received signals 
complex and so difficult to interpret. Previous work at Imperial College has led to the 
development of techniques to ensure single mode generation and reception which are now 
being applied in a variety of applications using conventional, detachable transducer systems 
[1-3]. The challenge in developing a "smart structure" based inspection system is to design 
permanently attached sensors which will send a particular Lamb mode or modes along the 
structure in controlled directions and to receive the resulting signals at the same transducer 
and/or other receivers. The received signals must then be interpreted by a controlling 
computer. 
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Single mode generation can be achieved by carefully controlling the frequency and 
wavenumber bandwidths of the excitation. The frequency bandwidth can readily be limited 
by employing windowed tonehurst excitation signals [2] while the wavenumber bandwidth 
is controlled by the transducer geometry. The most commonly used transducers for the 
excitation and reception of Lamb waves are angled piezoelectric transducers in which the 
wavenumber bandwidth is determined by the size of the transducer and its angle to the 
structure surface [2] and Electro Magnetic Acoustic Transducers (EMATs) [4-7] whose 
wavenumber bandwidth is a function of the number of limbs on the excitation coil. 
Unfortunately, these standard transducers are bulky and are unlikely tobe suitable for 
incorporation into a structure. 
An attractive alternative to these conventional transducers would be to use techniques 
analogous to those employed in Surface Acoustic Wave (SA W) devices in the electronics 
industry [8]. In these devices an "interdigital" electrode pattem is deposited on a piezoelectric 
substrate, the spacing between the electrodes being appropriate for the excitation of the 
desired mode in the substrate. If the idea is to be applied to structural inspection, a sheet of 
piezoelectric material would be bonded to the structure, the electrode pattern on the sheet 
being designed to excite the desired mode(s) in the structure. In SA W devices, the aim is to 
generate a guided wave in the piezoelectric material, whereas in structural inspection the aim 
is to excite waves in the structure itself; in this case any modes generated in the piezoelectric 
material will cause complications as the energy in them will tend to leak: gradually into the 
structure. It will therefore be necessary to suppress guided modes in the piezolelectric 
material chosen. 
Piezoelectric polymer films such as PVDF (polyvinylidene fluoride) are now relatively 
cheap and offer the possibility of developing transducers which would be inexpensive 
enough tobe permanently attached to a structure. PVDF has been used in compression wave 
ultrasonic transducers for some years and has also been used in arrays [see, for example, the 
review article by Chen and Payne [9]). It has the advantage over piezoelectric ceramies of 
being flexible so bonding it to curved structures would not present problems. Its internal 
damping is also higher than that of ceramies so the excitation of guided waves in the fllm is 
less likely to be a problem. However, it is less sensitive than ceramies and it cannot be used 
at high temperatures which may preclude its use in some structures. There are a few reports 
of PVDF being used for interdigital transducers. Matiocco et al [10] have generated and 
received Rayleigh waves on a duralumin substrate at a frequency of 7 MHz and Toda and 
Sawaguchi [11] have produced a leak:y Lamb wave transducer. Nasr et al [12] have used 
polymer transducers to generate and detect Scholte waves at a water-silica interface. This 
paper presents an initial study of the use of PVDF film to generate selected Lamb waves in 
plates of different thicknesses and different materials. 
TRANSOUCER DESIGN 
Interdigital transducers are designed to excite modes with a specific wavelength which 
is controlled by the electrode fmger spacing. Figs 1a and 1b show respectively the phase and 
group velocity dispersion curves for alumini um plates. Circles are marked on the curves at 
the positions where the rate of change of group velocity is zero so virtually non-dispersive 
propagation is possible in these regions. These are attractive points to use for long range 
testing since the signal produced does not spread out in space so the resolution of echoes 
from closely spaced features is not compromised and the signal to noise ratio is maintained 
[2]. The maximum group velocity of the so mode occurs at zero frequency-thickness 
approaching zero. However, this mode is relatively non-dispersive over a broad low 
frequency range and satisfactory long range propagation can be obtained in the region of the 
circle marked on the curve. The wavelength, A., of any Lamb mode is given by 
~ - ~ 
1\,- f (1) 
where Cp is the phase velocity of the mode and f is the frequency. Equation (1) may also be 
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Figure 1. (a) Phase and (b) group velocity dispersion curves for aluminium. Circles 
show minimum dispersion points. Diamondsshow excitation positions for transducer 
designed for A/d = 2.4 where d is the plate thickness. 
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Typical transducer electrode patterns for A. = 2.4 mm (a) plain; (b) apodised. 
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where d is the plate thickness. Hence, loci of constant A/d are straight lines through the 
origin on the phase velocity dispersion curves. Therefore for a given plate thickness, such 
lines correspond to a constant wavelength and the points at which they intersect the 
dispersion curves of the different modes are the points at which the modes can be excited 
using a transducer designed for this wavelength. The line A/d = 2.4 in Fig la corresponds to 
a transducer designed to excite the a1 mode at its maximum group velocity and the points of 
intersection with the different modes are marked with diamonds. It is interesting to note that 
the line also intersects the ao curve close to its maximuro group velocity position. 
In order to excite a single wavelength, an interdigital transducer would require an 
infinite nurober of fingers and so would be infinitely large. Practical transducers have a finite 
nurober of fingers and it is desirable to limit the wavelength bandwidth which they excite. 
Fig 2a shows a possible electrode pattem for a transducer designed to excite the a 1 mode at 
its non-dispersive point in a 1 mm thick alumini um plate. It comprises two altemating sets of 
fingers which aredriven differentially, the spacing between successive fingers connected to 
the same supply rail being one wavelength (2.4 mm) and the width of each finger being 1 
mm. The wave1ength excitation bandwidth may be reduced further by apodisation. In SA W 
devices this is frequently achieved by varying the finger length [8]. However, it was thought 
that this approach may increase the spreading of the Lamb wave beam in the applications of 
interest here so the width of the fmgers was varied while keeping the length constant as 
shown in Fig 2b. The 15 dB down wavenumbers for the transducer of Fig 2b are 2.17 and 
3.06 rad/mm, corresponding to wave1engths of2.9 and 2.1 mm respectively. If similar 
transducers are used for transmission and reception, the overall sensitivity at these 
wavelengths will be 30 dB down from the peak sensitivity at a wavelength of 2.4 mm. The 
transducer will therefore excite and receive modes at significant amplitude over the region 
between the A./d = 2.9 and A/d = 2.1lines in Fig la. Fora constant input, the apodisation 
will reduce the amplitude of the wave generated at the centre wavelength since the total 
electrode area is reduced. However, this is unlikely to be a serious problern in most 
applications. 
If the excitation signal applied to the transmitting transducer is a 20 cycle, 2.65 MHz 
tonehurst enclosed in a Hanning window, the 30 dB down points are 2.44 and 2.86 MHz so 
when this excitation signal is applied, the 30 dB down contour of a transmit-receive pair of 
transducers of the type shown in Fig 2b will be the diamond shaped intersection of the 
wavelength and frequency excitation regions, as shown in Fig la. This region is centred on 
the a1 mode and is sufficiently small to avoid significant amplitudes of the SI mode being 
generated. 
The above discussion has simply concemed matehing the wavelength of the transducer 
to the mode(s) of interest. However, the mode shapes also strongly affect the "excitability" 
ofthe Lamb waves. The interdigital transducers apply an out-of-plane force to the surface of 
the structure so they are better suited to the excitation of the lower antisymmetric modes at 
their dispersion minima. Away from the minimum dispersion points, the symmetric modes 
show more out-of-plane motion and so are easier to excite. However, they are then not so 
useful for long range testing. The transducers used in the initial tests reported here were 
therefore mostly designed to excite the antisymmetric modes. The issue of the "excitability" 
of different modes by interdigital transducers has been discussed by several authors, for 
example [8, 10, 13]. 
TRANSOUCER CONSTRUCTION 
PVD F film is readil y commerciall y available in thicknesses up to 110 J..Lm. lf film of this 
thickness is bonded to a rigid substrate, the peak response is at a frequency of about 3.7 
MHz which corresponds to the thickness of the layer being a quarter wavelength. This 
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frequency is rather high for most Lamb wave testing since Fig 1 shows that even on a 1 mm 
thick aluminium structure, this is above the cut off frequency of the SJ mode, and if the 
thickness is increased to 2 mm, so doubling the frequency-thickness product, several more 
modes exist at this frequency. It therefore becomes more difficult to generate and receive 
pure modes. It would therefore be desirable to be able to operate the film at lower 
frequencies. 
One possible way to improve the low frequency peformance of the film is to back it 
with a relatively high density material. Copper is a convenient material to use as it can be 
deposited with standard printed circuit board manufacturing techniques. The frequency 
response of 110 jlm thick PVDF film backed with different thicknesses of copper and 
bonded to alumini um has been predicted using a one dimensional model similar to that 
described by Chen [14]. Fig 3 shows the predicted electro-acoustic response ofthe film (the 
acoustic velocity generated in the aluminium for unit voltage input across the film). lt can be 
seen that as the thickness of the copper backing increases, the frequency of maximum 
response is reduced and the low frequency response is improved. However, the rate of 
improvement decreases rapidly at backing thicknesses above 100 jlm. The maximum plating 
thickness readily obtained from printed circuit board manufacturers is about 100 jlm 
(corresponding to "4 oz/sq foot" plating) so it was decided to employ this thickness. The 
transducer finger pattem was etched onto single sided, 50 jlm thick polyamide flexible PCB 
material, and the copper thickness on the fingers was then increased from 25 jlm to around 
125 jlm by electroplating. Typical examples of artwork sent to the manufacturer are shown 
in Fig 2. 
When testing conducting materials, the structure acts as the ground electrode and the 
transducer is attached to the structure by firstly bonding a PVDF sheet from which the 
original silver ink electrodes have been removed to the test structure, the sheet being slightly 
!arger than the electrode pattem. The two connection tabs on the PCB assembly shown in 
Fig 2 are then bent up at right angles to the finger pattem and the finger pattem is bonded to 
the top of the film. It is important to obtain a uniform, thin bond layer and it has been found 
that adhesive layers approximately 15 jlm thick can conveniently be produced using a cyano-
acrylate adhesive (Loctite 406). The final assembly is shown schematically in Fig 4. 
When used for excitation, the two sets of fingers must be driven with identical signals 
180° out ofphase. Rather than using twin power amplifiers to drive the transducer, a high 
frequency, isolating toroidal, 1:1 transformerwas used. The transducer generates waves of 
equal amplitude travelling in opposite directions at right angles to the finger pattem. When 
using the transducer as a receiver, the same technique is applied in reverse, the secondary of 
the transformer being fed to a low noise, high impedance pre-amplifier. In order to minimise 
extemal electrical interference, the receiver transducer is electrically screened, the lower 
electrode, which is the specimen itself on conducting structures, being connected to the 
receiver pre-amplifier ground. 
Tests have been carried out on a variety of plates of different materials and thicknesses. 
The transmitting and receiving transducers were bonded in line with each other, their 
separation being of the order of 100 mm. The excitation signal was a tonehurst enclosed in a 
Hanning window which was generated by a Le Croy 9101 arbitrary function generator and 
fed to the transmitting transformervia a Macro Design power amplifier which gave a signal 
of approximately lOOV peak-peak. It was found that a 20 cycle tonehurst generally provided 
the best compromise between pure mode generation and signallength (and hence spatial 
resolution) and was used in all the results presented here. The frequency of the tonehurst 
could be varied under computer control. The signal from the receiver was captured by a Le 
Croy Scopestation 140 digital oscilloscope after 40 or 60 dB amplification in a Macro Design 
low noise pre-amplifier. 
EXPERIMENT AL RESUL TS 
Table 1 shows a summary of the results obtained on the different specimens for the 
modes they were designed to excite. The received amplitudes shown are the maximum 
amplitudes obtained in the particular mode by fine-tuning the frequency around the design 
value found from the dispersion curves. Apart from the so tests on carbon fibre reinforced 
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Figure 3. Predicted electro-acoustic response for PVDF film bonded to alurninium and 
backed with different thicknesses of copper. (fhicknesses shown in jlm.) 
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Figure 5. Measured response as a function of frequency and arrival time for transducer 
of Fig la on 1.2 mm thick steel plate. (log amplitude grey scale: white < 0.03 mV; black > 3 
mV). Also shown are the dispersion curves plottedas frequency versus group delay. 
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Table 1. Summary of received signal amplitudes on different specimens. 
* Received with pinducer 
Material and Design Transducer Mode Frequency Received 
thickness Wavelength Length (MHz) Amplitude 
(mm) ( wavelengths) (mV) 
1.2 mm steel 2.4 6 a1 2.58 4.3 
ao 1.15 10.0 
3.0mm steel 6.6 8 a1 0.97 14.0 
1.2mmAl 2.4 6 a1 2.54 7.4 
ao 1.20 2.4 
1.9 mm perspex 2.7 8 a1 0.84 0.07 
1.0 mm CFRP 2.4 6 ao 0.53 0.20* 
l.Omm CFRP 6.6 8 so 0.57 0.20* 
plastic (CFRP), all the transducers were designed to excite the a1 mode close to its maximum 
group velocity. However, results are also shown for the ao mode in the region of its 
maximum group velocity in the thinner steel and alumini um plates as Fig 1 indicates that it 
can be excited satisfactorily by the same transducer as the a1 mode. (Fig 1 is for alurninium 
but the curves for steel are of sirnilar form.) The ao mode could not be obtained on the 3 mm 
thick steel plate because its intersection with the transducer design curve occurred below 0.5 
MHz which is the lowest frequency at which the transducers gave significant output. 
The amplitudes obtained on the metal specimens are all well above the noise Ievel of 
about 0.05 m V. In order to econornise on transducer production setup costs, the same 
transducer design was used on the 1.2 mm thick steel and alurninium plates. It was designed 
to operate exactly at the maximum a1 group velocity in the alurninium specimen so it did not 
operate at precisely the optimum position on the steel specimen. This may explain why the a1 
amplitude is higher than the ao amlitude on the alurninium plate, while the reverse is the case 
on the steel plate. 
The received signal strength for a given input valtage is a function of the mode shape, 
the number of fingers in the transducers, the transducer width (since it controls the degree of 
beam spreading), the transducer apodisation, the frequency of operation (due to the 
frequency response of the transducer shown in Fig 3), the acoustic impedance of the plate 
material, the attenuation of the particular Lamb wave in the material, and the dispersion of the 
mode at the measurement frequency. It is therefore difficult to predict the received signal 
amplitude though work is in progress to assess the significance of these different effects 
building on the analysis outlined in, for example, [8, 10, 13]. Some combination of them 
probably explains the surprising result that higher signal amplitudes were obtained on the 3 
mm thick steel plate than on the thinner steel and alurninium specimens. 
The low signallevels obtained on the perspex and CFRP plates was due to the very 
high attenuation of the ao and a1 modes in these materials. The attenuation of the so mode is 
lower, but the surface motion is predorninantly in-plane which makes it difficult to excite. 
The interdigital transducers can be used over a frequency range from 0.5 to about 4 
MHz. Fig 5 shows the results of a frequency sweep over this range on the 1.2 mm thick 
steel specimen. The horizontal axis shows the signal arrival time at the receiving interdigital 
transducer, while the vertical axis shows the frequency; the amplitude is denoted by a grey 
scale (black high). The initial signal at all frequencies is breakthrough of the excitation 
toneburst. The time origin at each frequency has been adjusted to coincide with the middle of 
the inputtonehurst so that when the modes are non-dispersive, the group velocity can be 
estimated from the time of arrival of the peak of the signal envelope. The group velocity 
dispersion curves plotted as frequency versus arrival time over the propagation distance are 
superposed on the plot and it can be seen that different modes are excited at different 
frequencies. 
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CONCLUSIONS 
It has been shown that interdigital PVDF transducers can be used successfully to excite 
and receive Lamb waves. The transducers can be operated over the frequency range 0.5 to 4 
MHz, modes being strongly excited when the wavelength at which the transducer is 
designed to operate and the excitation frequency applied correspond to a point on the 
dispersion curves. 
For long range testing, it is frequently desirable to excite modes at their maximum 
group velocities, which correspond to positions of minimum dispersion. At these positions, 
the surface motion of the lower antisymmetric modes is predominantly out-of-plane while 
that of the lower symmetric modes is predominantly in-plane. The interdigital transducers 
exert out-of-plane forces on the plate which means that they are more suited to the generation 
and detection of the lower antisymmetric Lamb modes than the symmetric modes at the 
group velocity maxima. The antisyrnmetric modes propagate with minimal attenuation in 
metal plates so the PVDF interdigital transducers can be used satisfactorily in long range 
testing applications. However, in perspex and composites, the attenuation in the 
antisymmetric modes is much higher than in the symmetric modes so the transducers must be 
developed to provide stronger excitation of the symmetric modes. 
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